The efficiency of energy transfer between two chromophores can be used to define an apparent donor-acceptor distance, which in flexible systems will depend on the Re of the chromophores. If efficiency is measured as a function of Ro, it will be possible to determine the actual distribution function of donor-acceptor distances. Numerical procedures are described for extracting this information from experimental data. They should be most useful for distribution functions with mean values from 20-30 A (2-3 nm). This technique should provide considerably more detailed information on end-toend distributions of oligomers than has hitherto been available. It should also be useful for describing, in detail, conformational flexibility in other large molecules.
Singlet-singlet resonant energy transfer has recently been used to measure the distance between two fluorescent chromophores affixed to rigid chemical systems (1) (2) (3) . These studies support the Forster theory of energy transfer (4) and encourage applications of energy-transfer techniques to more complex biochemical systems (5) . Since many of these systems are unlikely to be rigid, it is of considerable interest to know how flexibility can affect the results derived from energy transfer measurements. It would be of great use if detailed information about distributions of accessible molecular conformations could be obtained for oligopeptides, oligonucleotides, or other small biopolymers. We shall show that such information is potentially available from singlet-singlet energy-transfer measurements.
For a rigid system that contains one fluorescent donor, D, and one acceptor, A, the efficiency of singlet energy transfer predicted by the F6rster theory (4) is E R06+R Rol + RI R is the distance between the two chromophores and Ro is the distance at which transfer would be half efficient. Ro depends on the refractive index of the medium between donor and acceptor, n, the spectral overlap of donor fluorescence and acceptor absorption, J, the quantum yield of the donor, 'OD, and a geometric factor, K2. Ro = 9.79 X 103 (Jn-4q5DK 2)l/6 [2] The geometric factor, K2, is the angular part of the dipoledipole interaction tensor averaged over all orientations of donor and acceptor. For freely rotating donor and acceptor, (6) (7) (8) .
Suppose now that the distance between donor and acceptor is not rigidly fixed. A typical case might be donor and acceptor attached to the amino and carboxyl ends of a random-coil oligopeptide. In this case, there will be a distribution of distances between donor and acceptor f(R) corresponding to the end-to-end distribution function of the oligomer host. The energy transfer, on the assumption that R does not change during the excited-state lifetime, is E(Ro) = g dR f(R) R06 + R6 [3] The critical feature of Eq. [3] is that the efficiency measured depends on the value of Ro in a manner more complex than in Eq. [1] . If this efficiency is converted to an apparent donoracceptor distance by Eq. [1] , the result will depend on the value of Ro used in the experiment. This offers a very simple way to check for variable distances between donor and acceptor. The implications of the above equation are much broader, however. Suppose one can measure the efficiency over a wide range of Ro values; it should then be possible to solve the above integral equation and obtain explicitly the entire distance distribution function,f(R). Eq. [3] is of the form E = Lf, where L is a linear operatorin this case, an integral transform that converts one function of a positive real variable into another function of a positive real variable. The problem is to invert L. An exact solution of the problem does not seem practical. Instead, one can follow standard practice in such cases and attempt to construct an approximate solution using an operator, Lo, which is sufficiently simple that it can be inverted and at the same time sufficiently close to L that the difference L -Lo _ L can -Lo-'LlLo-'E + Lo-1L1Lo-1L1Lo-1E-. [4] There is a certain amount of art involved in choosing an Lo so that the first few terms of the perturbation series give an accurate solution. We note that the kernel of Eq. [81, Ro6/(Ro6 + RI), decreases from 1 at R = 0 to 0 at R = co, with most of this decrease concentrated in the vicinity of R = Ro. In fact, if the exponents were equal to infinity rather than 6, the kernel would plunge discontinuously from 1 to 0 at R = Ro, leaving us the simple integral equation rRo E(Ro) = dR f(R) Proc. Nat. Acad. Sci. USA 68 (1971) An = Lo-'En, curve E to the accuracy justified by the quality of the measurements.
A number of model calculations have been performed to test the accuracy of the solution to Eq. [3] given above.
At the same time, the sensitivity of E(Ro) to various different distribution functions was assessed. Several sets of results are given in Fig. 1 . For the sake of simplicity, distribution functions were selected to be one of two forms f(R) = e-(-A)2/2 [9] f(R) = e-(R-I1)2/12. + e-(R-2)2/22
[10] These distribution functions, normalized, were used only to calculate sets of typical experimental data, E(Ro). Several samples are given in Figs. 1 and 2 . It can be seen that E(RO) is indeed sensitive to the distribution function chosen. All of the distribution functions shown have the same mean distance, 30 A. Much larger variations in E(Ro) will be produced if this is altered. Nevertheless, the variability of E(Ro) at constant mean is sufficient to afford the possibility of distinguishing between alternative distribution functions. Fairly accurate measurements will be needed, however, which will certainly preclude facile use of this technique.
The synthetic data given in Figs. 1 and 2 were then used to compute the distribution functions according to the iterative procedure outlined above. Eight iterations were sufficient to give replicas of the starting function. It should be emphasized that in no place in the iterative procedure is any information about the starting distribution function used. Thus, this procedure should be able to work quite successfully for sufficiently accurate experimental data. Typical results for distribution functions of the form of Eq. [9] or [10] are shown in Fig. 2 . More accurate selections could undoubtedly be obtained if finer-grained data were used in numerical integration and interpolation procedures. It is not likely however, that sufficiently accurate experimental data could be obtained to warrant this use.
The techniques described in this work provide a useful framework for the interpretation of energy-transfer data from flexible systems. They offer a possible method for determining the complete end-to-end distance distributions of short polymers. These should be most useful in evaluating many of the calculations of molecular conformation that have been performed in recent years. They also can provide an important kind of structural information on biopolymers that is not accessible by x-ray crystallographic techniques. Our calculations on various distribution functions suggest that this technique is essentially restricted to systems where the mean energy donor-acceptor distance is around 20-30 A. This restriction is a function of the range of Ro values that one can expect to realize experimentally. This work was supported by grants from the National Science Foundation (GB20979) and (GP19097), and the USPHS (GM-14825). Both authors are fellows of the Alfred P. Sloan Foundation.
